A B S T R A C T We have studied 17 elderly and 27 nonelderly, nonobese subjects (mean age 69±1 and 37±2 yr, respectively) to assess the mechanisms responsible for the abnormal carbohydrate tolerance associated with aging. Serum glucose and insulin levels were significantly elevated in the elderly subjects compared with the nonelderly subjects during a 75-g oral glucose tolerance test, suggesting an insulin resistant state. Peripheral insulin sensitivity was assessed in both groups using the euglycemic glucose clamp technique during an insulin infusion rate of 40 
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We conclude that carbohydrate intolerance develops as part of the aging process. This carbohydrate intolerance appears to be the consequence of peripheral insulin resistance caused by a postreceptor defect in target tissue insulin action, which causes both a decrease in the maximal rate of peripheral glucose disposal and a rightward shift in the insulin action doseresponse curve. In elderly subjects, the severity of the abnormality in carbohydrate tolerance is directly correlated to the degree of peripheral insulin resistance.
INTRODUCTION
The decrease in glucose tolerance that occurs with aging has been well documented (1, 2) . Many investigators have demonstrated modest increases in plasma glucose levels after an oral glucose challenge (1, 2) , and in his recent review of the literature, Davidson (1) concluded that the 2-h plasma glucose level during the oral glucose tolerance test appears to increase by a mean of 5.3 mg/dl per decade. Changes in fasting plasma glucose are more modest with an average increase of -1 mg/dl per decade. Despite the fact that the decreased glucose tolerance has been widely described, relatively little is known about its mechanisms.
Most studies have demonstrated normal or increased insulin secretion as a function of aging following an oral or intravenous glucose load (3) (4) (5) (6) (7) Subjects. The study group consisted of 44 nonobese subjects. They were divided into two groups; an elderly group over the age of 60, and a nonelderly group under the age of 60. None of the subjects had impaired glucose tolerance as defined by the criteria of the National Diabetes Data Group (17) . All subjects were healthy, ambulatory, and leading active lives. The clinical and metabolic characteristics of the subjects are summarized in Table I . Relative body weights were calculated as previously described (18) . Lean body mass (LBM)' was calculated according to a modification of the formula of Moore et al. (19) . This parameter was not significantly different for the women in the two groups, 'Abbreviations used in this paper: BMI, body mass index(ces); LBM, lean body mass; R., rate of glucose appearance; Rd, rate of glucose disappearance. but the elderly men had a 9.6% decrease in LBM compared with the men in the nonelderly group (P < 0.01). Body mass index (BMI) was determined for each subject as the weight in kilograms per square centimeter X 10'. After obtaining informed consent, all subjects were admitted to the University of Colorado Clinical Research Center but remained active to approximate their prehospital exercise level. All subjects were chemically euthyroid and had no stigmata of renal, hepatic, or cardiac dysfunction. With the exception of three subjects in the elderly group who were taking hydrochlorothiazide for hypertension, none of the other subjects was ingesting agents known to affect carbohydrate or insulin metabolism. The three subjects receiving diuretics had normal serum potassium levels, thereby ameliorating the effect of the drug on carbohydrate and insulin metabolism (20) . Consistent with this formulation, no significant differences were noted between the data from these three subjects compared with the rest of the elderly group.
Diet. All subjects were placed on a weight-maintenance (30 Kcal/kg per d) liquid formula diet, with three divided feedings containing one-fifth, two-fifths and two-fifths of the total daily calories given at 0800, 1200, and 1700 h, respectively. The diet contained 45% carbohydrate, 40% fat, and 15% protein. All subjects were maintained on this diet for at least 48 h before studies were performed.
Oral glucose tolerance test. Oral glucose tolerance tests were performed by giving subjects 75 g glucose after an overnight fast. Serum was obtained at 0, 30, 60, 120, and 180 min for measurement of glucose and insulin levels.
Euglycemic glucose clamp studies. In vivo insulin action was assessed using a modification of the euglycemic glucose clamp technique as previously described (21) (22) (23) (24) (25) with the overall glucose disposal rate being measured isotopically for each 20-min interval of the study. After the initiation of the insulin infusion, steady-state rates of glucose disposal (defined as the first of three consecutive 20-min intervals with <5% change) were attained within 80-160 min, with the mean time for steady state being 100 min. The glucose disposal rates for the subsequent 60 min after achieving steady state were used as the data point for the individual study. Therefore, all studies were carried out for at least 140 min with some studies extending to a maximum of 220 min. The mean length of a study was 180 min. Urinary glucose loss was not a problem since these measurements were made under euglycemic conditions. The goal glucose was 85 mg/ dl. The coefficient of variation of glucose during the period of steady-state was ±3%. The glucose clamp studies were done at three different insulin infusion rates; 15, 40, and 1,200 mU/M2 per min. 11 subjects in both the nonelderly and elderly groups were studied at the insulin infusion rate of 15 mU/M2 per min; 22 nonelderly subjects and 13 elderly subjects had glucose clamp studies performed at an insulin infusion rate of 40 mU/M2 per min; and 10 nonelderly subjects and 13 elderly subjects had studies performed at an insulin infusion rate of 1,200 mU/M2 per min. Each study was performed on a separate day. Overall a total of 80 studies were performed in these 44 subjects.
Hepatic glucose output. Ra, the rate of glucose appearance, and Rd, the rate of overall glucose disappearance, were quantified in both the basal state and during each of the glucose clamp studies by the infusion of [3-3HJglucose in a primed continuous manner (25) (26) (27) . With this technique, 25 ,uCi of the tracer is injected as a bolus, followed by a continuous infusion at the rate of 0.25 MCi/min. Blood samples are obtained at 20-min intervals beginning 60 min after the bolus injection for the determination of both the concentration and specific activity of serum glucose. Ra and Rd are then calculated using the Steele equations (28) in their modified derivative form (25, 26) (29, 30) . Insulin binding to circulating monocytes was also studied using techniques previously described (29, 31) .
Analytical methods. Blood for serum glucose determinations was drawn and serum immediately separated with a Beckman microfuge (Beckman Instruments, Inc., Fullerton, CA).
Blood for the determination of serum insulin levels and serum glucose specific activity was collected in untreated tubes and allowed to clot. The specimens were then spun, and the serum removed and stored at -20°C until the determinations were made. Serum insulin levels were measured by a double-antibody radioimmunoassay according to the method of Desbuquois and Aurbach (32) .
Data analysis. All calculations were performed on a programmable calculator (model 67, Hewlett Packard Co., Palo Alto, CA). Data presented, unless otherwise stated, represent the mean±SE. Statistical analysis was done with Student's t test for paired data and unpaired data as indicated.
RESULTS

Oral glucose tolerance tests
As shown in Fig. 1 , the mean fasting serum glucose level was not significantly different in the elderly group compared with the nonelderly subjects (88±2 vs. 84±2 mg/dl, respectively). 11 of the elderly had normal glucose levels throughout the test; the remaining six elderly subjects, while not meeting the established criteria for impaired glucose tolerance, exhibited nondiagnostic glucose tolerance tests according to the criteria of the National Diabetes Data Group (17) . Consequently, when the glucose values for the elderly subjects were meaned, the values for the entire group were significantly greater than the respective values for the nonelderly subjects at 1, 2, and 3 h during the test (Fig. 1) . When the data were analyzed by age category within the entire group, the 2-h postglucose value in the 19 subjects aged 20-39 was 108±6 mg/ dl, 117±10 mg/dl in the 8 subjects aged [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] (NS), and 145±11 in the 17 subjects older than 60 (P < 0.005). In contrast to the fasting serum glucose levels, the fasting serum insulin levels were increased in the elderly compared with the nonelderly (13±1 vs. 9±1 ,uU/ml, P < 0.005). Following ingestion of the glucose load, the 1-, 2-, and 3-h mean serum insulin levels, like the corresponding glucose levels, were significantly higher in the elderly subjects (P < 0.005, Fig. 1 ). The presence of hyperglycemia in the elderly in the face of elevated insulin levels suggests an insulin-resistant state and this possibility was explored using the euglycemic glucose clamp technique.
Insulin Resistance in Aging
Measurement of in vivo insulin sensitivity To assess in vivo insulin sensitivity, euglycemic glucose clamp studies were performed using an insulin infusion rate of 40 mU/m2 per min. The mean overall glucose disposal rate was decreased by 39% in the elderly group compared with the nonelderly (151±17 vs. 247±12 mg/m2 per min, respectively, P < 0.001). The corresponding steady-state serum insulin levels attained during the studies were similar in both groups (110±5 ,uU/ml in the nonelderly and 102±8 ,uU/ml in the elderly). Therefore, the elderly group was clearly resistant to insulin's action to promote glucose uptake.
Because aging is a gradual phenomenon, it would seem reasonable to postulate that an inverse relationship should exist between overall glucose disposal rate and age. This relationship is shown in Fig. 2 A, and it can be seen that a statistically significant negative correlation exists between the glucose disposal rates obtained during the 40 mU/M2 per min insulin infusion and the age of the subjects (r = -0.53, P < 0.01). However, this association is misleading if taken at face value. Thus, when the data are analyzed by dividing the entire group into three age categories [ young (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) , middle (40-59), and elderly (60+)] it can be seen ( Fig. 2 B) that the insulin resistance is only observed in the elderly group (60+ yr) and that no decrease in in vivo insulin action to promote glucose uptake exists in the middle age group.
Mechanism of insulin resistance
Dose-response relationship. To assess the mechanisms responsible for the insulin resistance seen in the elderly, glucose clamp studies were also performed at insulin infusion rates of 15 and 1,200 mU/M2 per min (Fig. 3) (25) . In addition to this decrease in insulin responsiveness, there was also a decrease in insulin sensitivity in the elderly group as manifested by the fact that there was a 39% decrease in insulin's action to promote glucose uptake in the elderly subjects at the low dose (15 Since the elderly men had a 9.6% decrease in LBM (Table I) (Fig. 5) .
As can be seen in Fig. 5 , although the mean glucose disposal rates were decreased in the elderly group at the three insulin infusion rates, some of the elderly subjects had peripheral glucose disposal rates similar to the nonelderly group. Analysis of the individual data revealed that at one end of this spectrum were those 11 elderly subjects with normal glucose tolerance tests (closed circles, Fig. 5 ), and at the other end were the 6 elderly subjects with nondiagnostic glucose tolerance tests (open circles, Fig. 5 ). As seen in Fig. 6 A, although all the elderly subjects were insulin resistant, the mag- Adipocyte and monocyte binding. Fig. 8 (left panel) presents the competition curves for insulin binding to isolated adipocytes from the elderly and nonelderly groups. It is evident that these curves are essentially identical for the two groups suggesting that insulin binding to receptors is unaffected by aging. It should be noted however, that these data are expressed on the basis of cell number and some reports have suggested that receptor density per unit of cell surface area is a more appropriate method of expressing insulin binding data (29) . This is especially pertinent, since the adipocytes from the elderly group were 16% larger in volume than those from the nonelderly group (393±33 pl vs. 332±48 pl). The difference in surface area, however, was only 10% (2.56 X 104 M2/cell in the elderly group vs. 2.29 X 104 #2/cell in the nonelderly group). When the insulin binding data were normalized to cell surface area, the binding curves were still comparable (Fig. 8, right panel) and no significant differences were noted at any insulin concentration. To further explore this issue, insulin binding to monocytes was measured and these results are shown in Fig.  9 . Again, no difference in the ability of cells from the elderly vs. nonelderly group to bind insulin was observed, and in this cell system, aging had no effect on cell size.
Hepatic glucose output. Basal hepatic glucose output was similar in both groups (79±3 vs. 78±4 mg/M2 per min in nonelderly and elderly groups, respectively; Fig. 10 ). However, insulin's ability to suppress hepatic glucose output was decreased in the elderly compared with the nonelderly during the low dose insulin infusion rate of 15 mU/M2 per min. Thus, hepatic glucose output was suppressed by 89±4% in the nonelderly subjects compared with only 77±5% in the elderly (P < 0.05). This difference in suppressibility of hepatic glucose production is even more impressive in light of the finding that the low dose insulin infusion yielded higher steady-state serum insulin levels in the elderly compared with the nonelderly (61±5 uU/ml vs. 33±2
,gU/ml). At an insulin infusion rate of 40 
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FIGURE 7 Relationship between the 2-h glucose value during the oral glucose tolerance test and the glucose disposal rate during the 40 mU/m2 per min insulin infusion in the elderly group. A significant inverse correlation was observed, r = -0.59, P < 0.05.
shift in the dose-response curve for insulin's ability to suppress hepatic glucose production in elderly subjects. DISCUSSION We have studied the effects of aging on carbohydrate metabolism across a continuum of nonelderly and el- suggest an insulin resistant state. This was confirmed by utilizing the euglycemic glucose clamp technique that demonstrated resistance to insulin's action to promote glucose uptake in elderly subjects. During physiological hyperinsulinemia (insulin concentrations _ 100 MU/ml) the elderly group had a 39% decrease defect in insulin action. Thus, the elderly group was not able to attain glucose disposal rates comparable to the nonelderly group at the highest insulin infusion rate of 1,200 mU/M2 per min, and this rate yielded insulin concentrations of -11,000 gU/ml, which in previous studies (21, 25) have been shown to generate the maximal possible insulin effect. An inability to achieve a normal maximal insulin effect is termed decreased insulin responsiveness and implies a postreceptor defect in insulin action. Insulin binding to isolated adipocytes and circulating monocytes was unchanged with advancing age, which further confirms the presence of a postreceptor defect in insulin action.
In addition to the decrease in maximal insulin responsiveness, an apparent rightward shift in the insulin dose-response curve exists (Fig. 4) . The elderly population demonstrated a 39% decrease in the peripheral glucose disposal rate during the low dose (15 mU/M2 per min) insulin infusion, a 39% decrease during the 40 mU/M2 per min infusion, and a 25% decrease during the 1,200 mU/M2 per min infusion. This smaller percentage decrease in insulin's ability to stimulate glucose uptake at the highest insulin level compared with the lower ones indicates a rightward shift in the dose-response curve for insulin action. This rightward shift is even more pronounced if one takes into account the fact that the steady-state serum insulin levels during the lowest insulin infusion rate (15 mU/M2 per min) were almost twice as high in the elderly (61±5 ttU/ml) compared with the nonelderly (33±2 ,uU/ml).
Thus, if the steady-state serum insulin levels had been comparable, a much greater difference in the rates of glucose disposal would have been observed between the two groups. The reason the elderly displayed higher steady-state serum insulin levels at the low insulin infusion rate is not clear, but this could be due either to impaired metabolic clearance of the infused insulin or incomplete suppression of endogenous insulin secretion, or both.
A rightward shift in the dose-response curve is termed a decrease in insulin sensitivity and is usually due to a decrease in insulin binding to its target tissue (21, 33) . However, since insulin binding to isolated adipocytes and circulating monocytes was normal in the elderly group, these current results indicate that the rightward shift in the dose-response curve in the elderly subjects represents a decrease in insulin sensitivity due to a postreceptor (or postbinding) defect in insulin action and is not due to a decrease in insulin binding. Similarly, insulin's ability to suppress hepatic glucose output was decreased in the elderly at low insulin concentrations but was normal at high insulin levels, which maximally and completely suppress hepatic glucose output. Again, this difference in hepatic insulin action at the low insulin infusion rate is more striking in view of the fact that the elderly achieved twofold higher insulin levels during these studies. Therefore, a decrease in insulin sensitivity (rightward shifted dose-response curve) in the elderly is seen at the level of hepatic glucose production, and this is comparable to the decrease in sensitivity for insulin's effects to stimulate glucose disposal. If one assumes that adipocyte and monocyte insulin receptors are reflective of the status of hepatocyte insulin receptors, then this decrease in insulin sensitivity is not due to decreased insulin binding, but rather to a postreceptor defect in insulin action. A possible mechanism to explain a rightward shift in the dose-response curve due to a postreceptor abnormality would be a coupling defect distal to insulin binding. If such a defect caused this step to become rate limiting in insulin action in elderly subjects, then even at low levels of receptor occupancy, this defect would be expressed as a rightward shift and be of a postreceptor (or postbinding) nature.
The present results also indicate that there is a spectrum, or continuum, of insulin resistance in the elderly. Thus, there was a strong negative correlation between the degree of insulin resistance and the magnitude of the glucose intolerance in the individual elderly subjects. Based on analysis of the individual data, we believe that in nonobese, nondiabetic elderly subjects, the degree of insulin resistance ranges between those subjects with normal and those with nondiagnostic glucose tolerance tests. Some elderly individuals have completely normal glucose tolerance tests with mildly elevated insulin levels, indicating insulin resistance. These subjects have maximal insulin-stimulated glucose disposal rates that are near normal, but have markedly decreased glucose disposal rates at lower insulin levels indicating a rightward shift in the doseresponse curve (decreased insulin sensitivity) (Fig. 6  A) . Insulin binding to adipocytes and monocytes is normal in these individuals, and therefore, the insulin resistance manifested in this group indicates a type of postreceptor defect with near normal maximal insulin action but with decreased insulin effects to stimulate glucose disposal or inhibit hepatic glucose production at lower insulin concentrations. 11 of the 17 elderly subjects fell into this category. The mean maximal glucose disposal rate in these 11 subjects was 368±31 mg/M2 per min. When this value was corrected for the 9.6% decrease in LBM exhibited by men in this group compared with the nonelderly men, a small but significant (16%) difference existed between nonelderly and elderly (17.2±0.9 vs. 14.4±1.2 mg/kg LBM/ min). The insulin resistance was more pronounced during the 15 and 40 mU/M2 per min insulin infusion rates in these 11 elderly subjects with normal glucose tolerance, since the glucose disposal rates were de-creased by 28 and 21%, respectively, in the elderly compared with the nonelderly (Fig. 6 A) . At the other end of the spectrum lie those elderly individuals who have nondiagnostic glucose tolerance tests according to National Diabetes Data Group criteria (17) . These subjects also have greater elevations of serum insulin levels, normal insulin binding, and marked insulin resistance manifested as both a decrease in insulin action at submaximal and maximal levels. 6 of the 17 elderly subjects fell into this group and they had a 53, 58, and 42% decrease in glucose disposal rates compared with the nonelderly group at insulin infusion rates of 15, 40, and 1,200 mU/M2 per min, respectively (Fig. 6 A) . This analysis is not presented to indicate the existence of two distinct groups in the elderly population but to point out that there appears to be a continuum of metabolic abnormalities ranging from mild to more severe insulin resistance and that the basic lesion is a postreceptor defect in insulin action that manifests itself predominantly as decreased insulin sensitivity when insulin resistance is mild, and decreased insulin sensitivity plus decreased responsiveness when the insulin resistance is more severe. This spectrum of insulin resistance resembles to some degree that seen in other insulin resistance states of obesity and noninsulin-dependent diabetes mellitus. However, the mechanisms underlying the insulin resistance appear to differ. In obesity there is a spectrum of insulin resistance ranging from mild to more severe and associated with a rightward shift in the dose-response curve in the former and a rightward shift plus decreased responsiveness in the latter (25) . In obese subjects there is a decrease in insulin binding, well correlated to the magnitude of the rightward shift (25) . Similarly, previous studies indicate that subjects with impaired glucose tolerance have decreased insulin sensitivity due to a decrease in insulin binding, whereas patients with noninsulin-dependent diabetes mellitus have both decreased insulin sensitivity and responsiveness (21 Interpretation of the decline in glucose tolerance and presence of insulin resistance in aging has been made difficult because of associated changes that occur in diet, activity level, and degree of adiposity. Diets low in carbohydrate will impair glucose tolerance (35) . If the elderly subjects had a substantial decrease in their carbohydrate intake, this could conceivably have resulted in abnormal glucose tolerance tests on the basis of diet alone. However, Seltzer (35) has analyzed the effect of diet on the percentage of abnormal oral glucose tolerance tests in an older population. Although proportionately more glucose tolerance tests were normal as the carbohydrate in the diet increased, a larger percentage still remained abnormal, and when matched for carbohydrate intake, the elderly subjects still had significantly higher glucose values than a younger population, even though the test results were within the normal range.
Another dietary factor that may play a role in the glucose intolerance of aging is the level of organic chromium in the diet. Marginal dietary intake of chromium over years in man can lead to a depletion of the body's chromium content (36) (37) (38) , and many elderly people are so affected. There have been several studies indicating that a deficiency of chromium may play a role in the insulin resistance and glucose intolerance of aging, and supplementation of chromium in the diet of elderly individuals has been shown to improve glucose tolerance (39) (40) (41) . It seems possible, therefore, that chromium deficiency may play a role in the insulin resistance of aging.
Physical activity has also been shown to affect insulin sensitivity. Increases in maximal aerobic power are correlated to an increase in insulin's ability to promote glucose uptake (42, 43) . Since elderly individuals are generally less active than younger individuals, it is possible that the glucose intolerance of aging is at least partly due to decreased physical fitness. However, this explanation seems unlikely in the current study group since all of our elderly subjects were ambulatory, active, and in several instances involved in regular strenuous physical training programs. We do not, however, discount the possibility that the degree of physical training may play some role in the spectrum of the insulin resistance of aging.
It could be argued that some of the effect of aging on carbohydrate metabolism is not due to the aging process itself, but to the increase in percent adiposity that occurs with aging. It is known that both body fat (44, 45) and fat cell size increase with age, and, therefore, separating the effects of age and obesity could be a potential problem. For these reasons we analyzed the data from the glucose clamp studies by normalizing the results to both body surface area (Fig. 3 ) and to LBM (Figs. 5 and 6 ). The elderly subjects in our study all had relative body weights and BMI comparable to the nonelderly group and LBM differed by only 9.6% in the elderly men, while no difference in LBM was observed in women. Therefore, although a small component of the decrease in in vivo insulin action may be accounted for on the basis of increased adiposity, and decreased LBM, it would not explain the large 30-40% differences in glucose uptake between nonelderly and elderly. This is emphasized in Figs. 5 and 6, which show that even when the glucose disposal rates were corrected for the small differences in LBM, marked insulin resistance was still readily evident in the elderly group. Similarly, despite comparable relative weights, adipocytes size was greater in the elderly compared with the nonelderly (393 pl/cell vs. 332 pl/cell, respectively). However, when insulin binding to adipocytes was expressed per unit of cell surface area, no difference in insulin binding was noted between the nonelderly and elderly groups. This observation is reinforced by the data in Fig. 9 which show no effect of aging on insulin binding to isolated circulating monocytes (a cell type whose size does not change with age).
In conclusion, we have evaluated the mechanisms underlying the glucose intolerance of aging. Aging is associated with a spectrum of insulin resistance. On one end are those elderly individuals who display no abnormalities in glucose tolerance testing, are mildly hyperinsulinemic, and have insulin resistance manifested as a mild postreceptor defect in insulin action with a rightward shift in the insulin action dose-response curve with near normal maximal insulin action. On the other end of the spectrum are those individuals who are glucose intolerant, hyperinsulinemic, and whose insulin resistance consists of a more severe postreceptor defect expressed as a more marked rightward shift in the dose-response curve and a decrease in maximal insulin action.
